Novel carborane-triphenylamine dyad 1 was successfully prepared. The dyad exhibited the aggregation-induced emission (AIE) property in a solution of THF/water [1/99 (v/v)]. The cyclic voltammogram of 1 measured in tetrabutylammonium perchlorate (TBAP)/DMF using glassy carbon (GC) disk working electrode showed redox couples both at anodic side and cathodic side derived from redox responses of the triarylamine and the carborane moieties, respectively. The mediatory behavior of 1 for the anodic oxidation of benzyl alcohol was clearly confirmed by cyclic voltammetry in the presence of 2,6-lutidine. The catalytic current of 1 for the cathodic reduction of 1,2-dibromo-1,2-diphenylethane was also observed.
Introduction
Carborane and its derivatives show high thermal and electrochemical stabilities. 13 Among them, our interest focuses on their redox behavior stemmed from electron-poor carborane cage. 4, 5 Recently, we have discovered that 1,2-diphenyl-o-carborane and its ammomium derivative showed clear two reversible redox couples at a negative potential range vs. SCE, and that the second redox couple can mediate electron transfer between glassy carbon cathode and 1,2-dibromo-1,2-diphenylethane very rapidly. 6 Hence, carborane derivatives are now promising candidate for reductive mediator in electrocatalytic reaction.
As for oxidative mediators, triarylamine derivatives are wellknown and thus utilized for various reactions such as anodic oxidation of benzyl alcohol, 7 anodic deprotection of dithioacetals, 8 and anodic fluorination. 9 A remarkable feature of triarylamines is that the oxidation power can be tuned by molecular design, namely introduction of various substitutents into the aryl moiety. Thus a variety of triarylamine derivatives for oxidative mediator have been prepared to date.
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Taking these facts into account, the hybridization of carborane and triarylamine seems to produce a highly functional molecule which has stable acceptor and donor moieties within one molecule. This dyad would be applicable to both oxidative and reductive mediator. Herein, we report on the synthesis and electrochemical properties of novel o-carborane-triphenylamine dyad (1) (Fig. 1 B NMR spectra were given in D (ppm) from internal TMS (0.0 ppm), CDCl 3 (77.0 ppm), and external boron trifluoride-diethyl ether-complex (0.0 ppm), respectively. High resolusion mass spectrum (HRMS) was recorded on JEOL The MStation JMS-700. UV-vis spectra were obtained on a Shimadzu UV-1800 spectrophotometer. Photoluminescence (PL) spectra were obtained on a JASCO FP-6500 spectrophotometer.
Cyclic voltammetry measurements were recorded on an ALS 600C Electrochemical Analyzer. DFT calculation was performed using Gaussian 03 suit of programs.
Materials
Unless otherwise stated, all chemicals were obtained commercially and used without further purification. N-[4-(Phenylethynyl)-phenyl]-N,N-diphenylamine was prepared according to the literature procedure. 14 
Synthesis of carborane-triphenylamine dyad 1
To a stirred solution of decaborane (14) (0.46 g, 3.76 mmol) in toluene (40 ml) was added N,N-dimethylaniline (1.02 g, 8.42 mmol), and the reaction mixture was stirred for 20 min at room temperature. Then a solution of N-[4-(phenylethynyl)phenyl]-N,N-diphenylamine (1.00 g, 2.89 mmol) in toluene (20 ml) was added dropwise to the reaction mixture, and the mixture was stirred for 48 h at 110°C. After the reaction was completed, the solvent was removed under reduced pressure. The residue was passed through silica gel column chromatography using hexane/dichloromethane [ 
Fluorescence property
The fluorescence quantum yield (¯F) of the dyad in a dilute solution (10 ¹6 M) was determined on excitation of the dyad at its K max abs in comparison with the emission of quinine sulfate dihydrate/0.1 M sulfuric acid solution (¯F = 0.55) as a standard.
Cyclic voltammetry
Cyclic voltammetry measurements were performed with a threeelectrode setup in an undivided cell. A glassy carbon (GC) disk (T = 3.0 mm) and a platinum (Pt) plate (1 © 1 cm 2 ) were used as the working electrode and the counter electrode, respectively. The reference electrode was a saturated calomel electrode (SCE).
Results and Discussion
The carborane-triphenylamine dyad (1) was synthesized according to Scheme 1. The alkyne and decaborane-base complex were mixed and refluxed for 48 h to afford 1. The structure of 1 has an expanded conjugation comparing to that of 1,2-diphenyl-o-carborane. From another point of view, the carborane moiety acts as an electron-withdrawing group 15, 16 for triphenylamine. In recent reports, o-carboranes are known to exhibit aggregationinduced emission (AIE) property; i.e., non-emissive species in the dissolved state are induced to emit intensely by aggretate. 17 Therein, photoexcitation of O-electrons caused intramolecular charge transfer from electron-donating O-conjugated units to the antibonding orbital of C-C bond in o-carborane cage, and the variable C-C bond in o-carborane effectively quenches the fluorescence in the solution state. They are likely to emit yellow to orange light if a donor moiety is attached to their cage carbon atoms in the aggregated state. 17 Carborane 1 bearing triphenylamine donor moiety is thus expected to show such AIE property. The UV-vis absorption and photoluminescence spectra of 1 measured in both THF and THF/water [1/99 (v/v)] are shown in Fig. 2 . The observed absorption maximum at around 340 nm was bathochromically shifted from those of triphenylamine (K max abs = 298 nm) and 1,2-diphenylcarborane (K max abs = 225 nm) owing to the expansion of conjugation. The profiles of the absorption of 1 in both solvents were very similar. The photoluminescence of 1 in THF was low in intensity with its emission maximum at 430 nm (fluorescence quantum yield: F = 0.007). On the other hand, orange-colored emission was observed when 1 was excited in THF/water (1/99), namely aggregated state. The spectrum with its emission maximum at 570 nm (¯F = 0.05) seems to be originated from AIE of carborane with the donor-acceptor structure. The Tyndall scattering was observed when the THF/water (1/99) solution was irradiated by laser light. This strongly suggests the formation of aggregates of 1 in the solution.
Cyclic voltammetry (CV) measurement of carborane 1 was investigated in 0.1 M tetrabutylammonium perchlorate (TBAP)/ DMF using glassy carbon (GC) disk electrode and platinum (Pt) counter electrode referenced from saturated calomel electrode (SCE). As shown in Fig. 3 , a couple of an oxidation peak and its re-reduction peak were observed at 1.30 and 0.94 V, respectively. These are attributable to the redox of the triphenylamine moiety. The slight positive shift from the oxidation potential of pristine triphenylamine (E p ox = 1.04 V) is due to the electron-withdrawing effect of the carborane moiety attaching to the para-position of the phenyl ring of the triphenylamine. In addition, one 2e-reduction peak and corresponding two 1e-re-oxidation peaks appeared in cathodic area. Such irreversible CV profiles were observed for a carborane-based compound at a high scan rate; 5 however, the voltammogram of 1 was stable and reproducible for repeating scans. The redox couple of carborane moiety of 1 was negatively shifted from that of 1,2-diphenyl-o-carborane. 6 To provide a more effective understanding for the optical and electrochemical properties, density functional theory (DFT) calculations for 1 and its component molecules were conducted at B3LYP/6-311G+(2d,p)//B3LYP/6-31G(d) level of theory (Fig. 4) . 18 The highest occupied molecular orbital (HOMO) of 1 is completely located on the triphenylamine moiety and the HOMO energy of 1 shows slight difference from that of pristine triphenylamine. The electron-withdrawing effect of the carborane moiety seems to lower the HOMO energy of 1. In sharp contrast, the lowest unoccupied molecular orbital (LUMO) of 1 is located on the phenyl substituents and the cage carbon atoms in a manner similar to the LUMO of 1,2-diphenyl-o-carborane. The LUMO energies of 1 and 1,2-diphenyl-o-carborane are close to each other due to the substitution of the electron-donating triarylamine moiety. These results strongly support the electronic behavior of dyad 1 observed above.
Triarylamines are known to mediate electron-transfer from substrate to anode. For example, they are used as a mediator for oxidation reaction of benzyl alcohols to provide benzaldehydes. 7 To study the mediatory behavior of carborane 1, the CV measurements of 1 in the absence and presence of 4-methoxybenzyl alcohol (E p ox = 1.60 V vs. SCE) and 2,6-lutidine were carried out in TBAP/ Scheme 1. DMF at a scan rate of 100 mV/s (Fig. 5) . In the presence of 4-methoxybenzyl alcohol and 2,6-lutidine, the oxidation peak current at 1.10 V was significantly enhanced together with the disappearance of the corresponding re-reduction wave. Thus this increased current seems to be a typical catalytic current. The catalytic current was also observed when measured at various scan rates and the rereduction peak did not appear even swept at 1000 mV/s. This suggests that the electron-transfer between the radical cation of 1 and the substrate is very rapid in the presence of lutidine.
The mediatory behavior of 1 in cathodic area was also investigated. Figure 6 represents the cyclic voltammograms of 1 in the absence and presence of 1,2-dibromo-1,2-diphenylethane (E p red = ¹1.53 V vs. SCE). The catalytic current was observed at ¹1.42 V, and the re-oxidation peak at ¹1.28 V disappeared completely as reported for 1,2-diphenyl-o-carborane, which can mediate the debromination reaction of 1,2-dibromo-1,2-diphenylethane to give stilbene. 6 The foregoing results indicate that the carborane-triphenylamine dyad can effectively work as both anodic and cathodic mediator.
In summary, we have successfully prepared novel carboranetriphenylamine dyad 1. It was found that both units interacted with each other as acceptor and donor, evidenced by photoluminescence, CV analyses, and DFT calculations. The dyad represented the typical catalytic current on the anodic sweep of the CV measurement in the presence of benzyl alcohol and lutidine. Furthermore, the carborane moiety of 1 could also mediate the electron-transfer between cathode and the dibromo-substrate. Thus, we have successfully developed the first example of a dual type of both oxidative and reductive mediator. The practical application of this dyad as both oxidative and reductive mediator (dual mediator) in electrocatalytic reaction is now under investigation in our laboratory. Electrochemistry, 81(5), 368370 (2013)
